S
INCE the dawn of recorded time, solar energy, in one form or another, has been the dominant energy source for earth. Man first used solar energy indirectly when he consumed plants which had transformed solar energy into food energy through the process of photosynthesis. Even more indirectly, he cons umed solar energy when he ate meat from animals which foraged upon either plants or other animals which ate plants. Various civilizations later increased their use of indirect solar energy by domesticating and employing animals for tran.sport. Still later, in the age of the sail, winds created by the heating of the earth's surface propelled explorers, traders and, at times, military forces about much of the world. The Industrial Revolution was, and continues to be, fueled primarily by the burning of fossil fuel created eons ago when plant and animal substances were turned into natural gas, coal and petroleum and by water falling from a higher place, where it was deposited b y solar induced evaporation and the winds. 1 Now man must anticipate a decline in the use of fossil fuel relative to other sources of energy, because: (1) the supply is finite and (2) the costs are rising steeply as the most easily exploited resources are used. With these prospects in mind, it may be desirable, indeed necessary, to devise new ways of utilizing the huge amount of solar energy which strikes the earth each day. Thus, it may be suggested that the very long saga of solar energy use by civilization will continue as new chapters are added.
1. Currently, nuclear energy accounts for approximately 2 percent of the electricity produced in the United States.
CHARACTERISTICS OF SOLAR ENERGY
The raw energy, in the form of electromagnetic radiation, reaches the earth's atmosphere at a rate of 170 trillion kilowatts. Even after about one-fourth is reflected and scattered into space by clouds and dust the quantity of energy reaching 'th e land area of the United States is more than 700 times the current demand for all t ype s of energy. Thus , sheer abundance is solar energy's most exciting feature. Other advantages of solar energy are its inexhaustibility, universal distribution environmental compatibility a~d negligibly low cost in raw form. These features are of such exceptional attractiveness in comparison with those of any other energy source that the limited use-except in agriculture-may seem a paradox.
However there are two disadvantages ~f solar energy which have prevented its application to our needs for heat an d power. These a re it s diffuseness-or low intensity-and its variability. On clear s ummer days, ab out one kilowatt per square yard--or square meter-reaches the ground during a few hours before and after noon. This power density is very disappointing when compared with the typical value-a thousand times as large-in a modern power plant. The consequence of this difference is that hundreds of times as much solar receiving surface is required as that which is needed in a steam boiler for the same energy delivery rate. The higher cost of the much larger surface is the principal deterrent to solar energy use. Solar variability is an economic drawback, also. The changes in intensity from day to night, winter to summer and clear to cloudy skies precludes constant supply of solar energy. If a steady output of heat or power is required, some sort of storage must be provided, with its attendant costs. Alternatively, the intermittent and varying energy supply would have to be used on the same irregular schedule-usually, an uneconomical procedure.
These two disadvantages of solar energy result in a seeming contradiction of its near zero cost. The raw energy is indeed free, but its conversion to useful forms by use of suitable surfaces and, perhaps, by storage facilities requires capital investment whose amortization represents a cost. The relative magnitude of this cost and the price of conventional energy sources is the primary determinant of solar energy usefulness.
Before describing the various methods of converting solar energy into useful forms, a significant point should first be made. The technology of solar energy conversion to heat at low and high temperature, to mechanical and electrical work and to the separation of materials such as salt and water has been demonstrated. No serious technical barriers to these processes are evident. This is not to say that improvements should not be expected, but that the factors which really limit practical use of solar energy by these means are economic rather than technical.
An analogy may be drawn between solar energy and hydroelectric energy by comparing hydroelectric power to electricity produced by burning coal. The end product, electricity, is identical from either water power or coal. The raw materials and the processes for their conversion are very different, however. So, whether a dam and associated hydraulic equipment are built or whether the more common coal-fired thermal plant is chosen depends primarily on the comparative total generating costs of the two systems. Unless the hydro-plant can produce power at competitive costs , the coal plant will ordinarily be selected.
Solar energy can be applied to any requirements which can be met by conventional sources. The end product is the same. So its applicability and utility depend on its costs relative to those of other types of energy. With increasing concern over environmental degradation, total cost to society may become the basis of comparison rather than inplant generation cost. Reclamation of strip-mined coal fields, elimination of pollutants to water and the atmosphere and various other costs may have to be added to basic generation cost before a sound comparison can be made. But even so, the products of solar energy conversion-heat, power and materials-must compete on economic grounds with other sources of these energy forms; thus, solar conversion costs are the major factor in utilization prospects.
CONVERSION OF SOLAR ENERGY
Methods for converting solar energy to useful forms may be classified as thermal, mechanical, electrical and chemical; these terms also indicate the type of energy produced. Probably the simplest process is e ither heating of a liquid or gas or vaporization of a liquid in contact with a radiation-absorbing surface. If the surface is covered with one or more sheets of glass and well ins u lated on its back, on a clear day about half the solar energy can be usefully delivered as heated fluid or vapor at temperatures about l00°F higher than the surrounding air. Residential solar water heaters of this type are extensively used in several countries , and houses have been experimentally solar heated in this fashion.
Much higher temperatures can be achieved by concentrating solar radiation. A dish or trough-shaped reflector with a parabolic contour can be used to focus the energy falling on this relatively large surface so that a high intensity is obtained on the small heat absorbing, transfer surface. Under these circumstances, half the radiation falling on the reflector can be recovered as steam or other heated medium at temperatures of hundreds of degrees. Operation of small engines and high temperature furnaces using this process have been demonstrated in numerous experiments.
Variations on these systems may be employed for near simultaneous use of the generated heat for producing certain materials. Salt has been made for centuries by solar evaporation of saline water from shallow ponds; -provision of transparent covers permits recovery of pure water by condensation of the vapor. Drying of agricultural crops, lumber and fish by direct exposure to the sun is widely practiced, and experimental solar dryers of more refined types have been tested. Many types of solar food cookers have been designed which employ at least some degree of concentration by curved or fl.at reflectors. Satisfactory performance has been demonstrated, but practical use, even in fuel-scarce, developing countries, has not taken place.
Of course, mechanical power can be produced by an engine operated by steam from a solar heat supply system, but this is actually a second energy conversion step. Two additional methods for mechanical power generation are not directly solar; yet, natural processes are involved in the first step of solar energy conversion. These are solar energy producing winds from which mechanical energy can be readily generated and solar energy producing warm ocean waters from which mechanical energy can be developed in engines discharging to low temperature deep waters. Wind power, used for centuries, almost disappeared in modern times, but is now being reevaluated as an energy source of limited availability in some regions. While experiments have shown the technical feasibility of generating power by use of ocean temperature gradients, economy and practicality have not yet been demonstrated.
Electricity can be the final useful form of a conversion sequence: solar to heat, to mechanical, to electrical energy. Many experiments have shown feasibility. This combination of processes is based on converting solar energy to heat as the first step; thus , its main potential utility is more suitably outlined in that connection. The generation of electricity by photovoltaic conversion-solar energy to direct current-is the method whereby only one step, direct conversion, is involved. Discovered about twenty years ago, the process has had spectacular demonstration in nearly all of the space missions to date. It is based on the property of certain semiconducting materials, such as silicon and cadmium sulfide , to generate an electric current when exposed to sunlight. Over 10 percent conversion efficiency is attainable with thin wafers sliced from silicon crystals. Extremely high cost precludes practical terrestrial use, but there are possibilities for substantial manufacturing economies to be achieved in the future.
The fourth form of converted solar energy is chemical energy. Natural photosynthesis is the process by which living plants use a very small fraction-less than 1 percent--of the solar radiation to produce chemical compounds, such as cellulose, lignin, sugars, starches, vegetable oils and proteins. In addition to their use as foods and fiber, some of these plants, particularly trees, have been useful sources of fuel energy. Until late in the present millenium, virtually no other fuel source was available. Even today, almost all of the energy we consume-that is, coal, oil and natural gas-had its origin in prehistoric plants. Only nuclear sources and the minute fraction of our supply from geothermal steam are nonsolar in origin. Hydroelectric energy is possible only because of solar evaporation in the h ydrologic cycle.
Efforts to use solar energy more efficiently and economically in the production of chemical energy have followed several paths. They may be subdivided into biological and nonbiological , depend in g on whether living material is involved. Biological methods mainly involve increasing the efficiency of photosynthetic conversion of sunlight to chemical energy in growing plants so that much larger yields of fuel can be obtained per unit of land area. New and modifie~ plant species , including water-borne plants such as algae, increased productivity through better methods of cultivation and reduced costs of production a.re possible avenues to application.
Nonbiological 
P RINCIPAL U SES OF S OLAR ENERGY
Oth e r t h an its c urrent u se in agriculture and salt pro duction, solar energy has its greatest potential in the heating and cooling of buildings and in the generation of electricity. These demands comprise about one-half the total use of energy in the United States; of the total, thermal energy for buildings represents about twenty percent.
The heating and cooling of buildings b y solar energy i s an early practical and economical probability. The generation of electricity by use of thermal processes -solar energy. to heat, to power -and by direct photovoltaic conversion-solar cells or batteries-is not competitive with conventional methods under present United States conditions. However, keeping in mind the increasing dollar costs of the other fuels, the pos-sibilities for future use are sufficiently interesting to justify development efforts.
Solar energy for heating and cooling
Although still in experimental and developmental stages, the heating and cooling of residences and commercial and public buildings by solar energy is technically feasible and almost economically viable. Several types of solar heating systems have been successfully tested in residences and other small buildings. Solar water heaters are commercially made and widely used in Australia, Japan and, to some extent, in Israel and southern Florida. A few experiments have shown that solar energy can be used as a heat supply to reasonably conventional air-conditioning units of the absorption-heatoperated-type. Detailed economic studies indicate that solar heat can be supplied to buildings for space heating, water heating and cooling at costs seldom more than double the current costs of oil and gas. In some localities, solar energy is fully competitive and, in virtually all situations, solar costs are substantially below those associated with electric heating. Rising fuel prices will soon place solar heating and cooling in an even more favorable position.
The process for obtaining heated air or w ater from s<;>}ar energy at temperatures as ;high as about 200°F is comparatively simple. Air or water is circulated in contact with some type of black surface which is exposed to the rays of the sun. When insulated beneath and overlaid with one or more layers of glass or other transparent material, absorption of solar energy by the black surface causes its temperature to rise. Circulation of air or water through tubes or spaces adjacent to the hot surface results in heating the fluid, which can then be use d directly or can be delivered to some type of heat storage unit.
A solar collector of this type is commonly used in solar water heating systems. Recovery of about half the solar energy in the form of heated water at temperatures up to 150°F can be obtained on sunny days even when air temperatures are near freezing. On a clear day, one hundred square feet of welldesi ned solar c llector anels can heating rem1jremepts.
A score of buildings have been experimentally heated by systems employing solar collectors of this, and similar, types. The systems in which water has been used usually have involved a storage tank for accumulating heat during the daytime hours. The hot water provides heat to the building as needed even during cl oudy and nighttime periods. Currently, it is technically possible to provide sufficient collector surface and storage capacity to carry the entire heating load; however, operating systems include auxiliary heat supply from conventional sources as such a mix appears most economical. House heating by solar heated.air has also been demonstrated in a few installations in which storage has been provided in the forms of pebble bins-small rocks through which solar heated air passes and in which heat is stored-and melted chemical salts.
These experiments have shown that most of the heating requirements of a house can be supplied by solar energy in a reasonably sunny climate. It is not clear at this point just which system may eventually prove to be the most economical or, for that matter, which of many design variations should be used for delivery of solar heat at least cost. The answers to such questions require additional design studies, construction of experimental facilities and tests of performance, durability and compatability with existing house designs and heating requirements.
Obviously, a mere demonstration of the workability of solar heating systems for residences and other buildings is not sufficient for the introduction of solar heating to general use . Only if its costs are competitive with other heating methods can solar energy be expected to assume an important place in the economy. Cost details are presented below-in association with cooling, also--so, at this point, only a very general comment is in order. Capital cost of the solar heating system is high; operating costs are low, and the economics of the system depend on the comparison between the value of the fuel saved by the solar installation and the cost of amortizing the addition al investment in the solar facilities. Solar heat is approaching cost levels competitive with conventional energy sources.
Facilities suitable for space heating with solar energy can also be used for supplying the hot water requirements of a household. A portion of the solar collector can be used for this purpose, or a small part of the heat delivered from the entire solar collector can be diverted to the hot water supply system. Several of the experimental solar heating systems have involved facilities for providing part, or all, of the hot water requirements of the building. Cooling or air-conditioning of commercial buildings and residences has become an important and widespread practice in the United States. In many areas of the country, it is considered a necessity. A trilogy of facts provide s a strong incentive to develop solar airconditioning: (1) the availability of solar energy, both in respect to quantity and to timing, parallels the seasonal need for cooling; (2) commercial cooling systems are available which utilize heat as their energy supply; (3) finally, a solar collector, otherwise nearly idle in summer, can be used for supplying energy to heat-operated air-conditioners. A few small scale experiments have been performed in the United States and in Australia, but fully operating systems for the practical supply of heating and cooling to a building have yet to be designed and tested. The development of solar air-conditioning has thus lagged behind solar heating developments by many years; however, there is no reason that this gap should not be nearly closed through substantial and well-conceived research, development and engineering design of solar cooling.
A commercial type of air-conditioner-using the lithium bromide-water absorption principle--has been experimentally aper- 2. The operation of conventional cooling machinery by power-generated, on-site, solar-electric generators--either of the heat engine type or the photovoltaic, solar cell, type-is technically possible, but prohibitively expensive. The economic problems of generating electricity in solar power plants There are numerous possibilities for combining the several principal components into a practical solar heating and cooling system. One such concept is illustrated in figure  1 . This diagram shows a solar collector delivering heated water to a storage tank-which would logically be located in the basement of the building-with a pump returning water to the roof-mounted col-1. ector for further heating. Hot water for use in the building may are intensified on the very small scale, associated with individual buildings. The prospects for practical use of this cooling method will remain unattractive unless there are major breakthroughs in the cost of generating electricity from solar energy. b e provided by employing a heat exchange r for transferring stored solar heat into the hot water supply system. Whenever heat is demanded in the building, either for space heatin g or cooling, automatic controls actuate a pump which supplies hot water from storage either to the house air heating coil or to the generator of the refrigerating unit. To ensure adequate heating and cooling at all times, water from storage passes through an auxiliary, fuel-fired water heater in which its temperature is boosted if it is not hot enough to meet the demand. After delivery of heat either for heating or cooling the building, the water is returned to the storage tank. Typical storage temperatures would be 100° to 150°F in winter and 170° to 200°F in summer. Numerous modifications of this design are possible, and some may be found more practical and economical than the one indicated here.
As previously mentione d, the principal determinant of the usefulness of solar energy in the heating and cooling of buildings is cost. A considerable amount of performance data from existing a nd earlier solar heating assemblies , recent data on solar cooling, cost information assembled from various sources , extensive solar and weather data and use of computers h ave made it possible to appraise the cost of solar heating and cooling w ith considerable confidence . A comp rehensive performance and cost study for solar heating of houses in eight United States cities has been made by R. A. Tybout and George 0. G. LOf; the results have been published. 3 Solar heating was found to be nearly competitive with fuels in several locations; thus, the analysis was extended to include cooling as well. Although figures on cooling performance and costs have not yet been fully evaluated, they are of such importance in the appr!'!=isal of solar heating and cooling potential that preliminary results are pre sented in tabl e 1. This table is b ased on detailed computation of heating and cooling loads in a reasonably large house-that is, one requiring 25,000 BTU of heat per degree day-provided with a dual heating and cooling system. Analytical expressions for solar col· lector performance, heat storage capacity and heating and cgoling loads were programmed with hourly data on solar and weather conditions in the eight cities; also, the quantities of heat provided by the solar energy system for each use were computed. Various ·combi-nations of solar collector size, storage size and other design variables were tested. Capital costs for various components of the system were determined, the most important b eing that of the solar collector, it self. Various sources of information w ere u sed in p rojecting the present 4 dollars per square foot cost of solar w ater heatersmanufactured on a very small scale-to a figure of 2 dollars per square foot for large volume pro-<;luction of well-designed units . Amortization of total investment in twenty years at 8 percent interest then provided the basis for computing the effective cost of solar heat de livered by the system, as dollars per million BTU. Also determined were the requirements for auxiliary heat and the percentage of the total heating and cooling loads carried by the solar system of each design variation. NOTES: Design optima based on least cost solar heat for purpose or purposes indicated. Underlines show minimum solar costs in each lo'Cation. Watei; heating included. · · 1970 fuel and electricity prices. Solar costs based on: 2 dollars per ft 2 collector; twenty-year life; 8 percent interest; 1000 dollar surcharge for cooling.
• One computation only. Table 1 is a cost summary. Here the costs of solar heating, solar cooling and the combination of both-each involving a design optimized for the application concerned-are compared with 1970 prices of oil, gas and electricity in the eight cities investigated. It is seen that in all but one location, solar energy for heating and cooling can be '.Provided at lower cost than electricity. In Albuquerque and Phoenix, the cost of solar heat -about 1. 70 dollars per million BTU-is substantially above natural gas prices, adjusted for combustion efficiency. However, oilat more than 2 dollars per million BTU-would be substantially µiore expensive than solar energy in those two cities. In Miami, the costs of oil and solar energy are about the same. These comparisons are based on anticipated availabilit)r of solar collectors at 2 dollars per square foot.
Other comparisons can be drawn by use of table l; yet, suffice it to say here that a realistic evaluation of solar energy costs for heating and cooling indicates that this source of energy is a highly attractive alternative to conventional fuels used in residential and commercial buildings: This is not a dim future prospect, but rather a very near term reality. Of course, the further rise in fuel prices will accelerate the need for solar heating and cooling.
The question: "where do we go from here?" still remains. In my view, the rising costs and decreasing. supplies of clean fuels, the near tenn competitive prospects for solar heating and cooling of buildings and the opportunities for American industry to. , .launch a significant new source ·of energy into :the economy del)land and justify a substantial commi~nt'· fo this development. At thi~ stag~, ·however, the risks of lqss by individual firms trying to enter this new market are too great to expect major industrial expenditures without government assistance. The need for federal support of research and development on solar heating and cooling is abundantly clear.
Is These figures show that there is a real incentive for developi!!g this new energy resource. The pr0gram of the NSF is providing good support for work in this field. Although only a pittance in comparison with federal expenditures for atomic energy research, NSF funding of solar research and development is stimulating much more interest and activity in this field than at any previous time.
As previously explained, there are numerous problems impeding wide usage of solar heating and cooling: the best technology has yet to be established; industrial interest must be stimulated so that low cost equipment can be produced; means for merchandising and financing these high, first-cost facilities need to be established. The continued and expanded sup- Of the two leading methods for converting solar energy to electricity, the process employing heat engines appears to be the less costly under present conditions. Solar radiation, either with or without concentration, is absorbed by a surface with which a liquid is in contact. A vapor-for example, steam-is produced in the solar collector or in a separate heat exchanger. The vapor is expanded through a turbine or reciprocating engine to which an electric generator can be coupled. Exhaust vapor is condensed and returned to the vaporizer, or boiler. Many experiments with various types of small solar power units, generally of less than one kilowatt capacity, have been undertaken. Although technically successful, none of these systems has found application under present United States conditions.
In spite of some optimistic claims by enthusiastic proponents of various schemes for solar power generation, objective appraisal shows that electricity from solar energy will cost at least several times as much as electric power from currently operating plants. The type of system and the operating conditions best suited to the generation of electric power from solar energy are not yet known; even the optimum plant size is entirely speculative. The types of systems, operating conditions, plant sizes, geographic locations and other significant factors in the design of plants which will provide electricity from solar energy at lowest costs-and the expected costs, themselves-are currently being studied. Within the next year or two, there should therefore be a factual basis for assessing the potential of solar generated electric ·power.
When the possibility of electric energy being generated from solar energy is discussed, it is important that the fundamental reason for the substantial difference in costs and prospects between solar space heating and cooling and solar generated electric power is understood. In contrast with the highly concentrated sources of energy in coal, oil and uranium , solar energy is extremely diffuse, or dilute. Because of the concentrated energy in fossil and nuclear fuels, heat can be delivered by their combustion at high temperatures for nearly the same cost as at low temperatures. Therefore, energy from these fuels for high temperature modem electric power plants is no more expensive than fuel for the low temperatures suitable for house heat supply. Actually, lower fuel cost prevails at power plants because of economies of scale.
The supply of solar heat at high temperature-hundreds of degrees -is, however, much more costly than at low temperature because this dilute source must be concentrated in some manner for high temperature operation. Lenses , focusing mirrors, solar tracking mechanisms and other expensive facilities must be provided. Alternatively, if the cheaper, low temperature, nonconcentrating solar collectors are used for power generation systems, the low efficiency of engines operating at low temperatures requires larger solar collection areas, with their attendant costs. However, provision of low temperature solar heat-say, below 200°F-as a final product for the heating and cooling of buildings will be considerably less expensive than heat for power by either of the above, alternative systems.
ELECTRICITY FROM SOLAR ENERGY BY PHOTOVOLTAIC CELLS
Another device for converting solar energy to electricity is the photovoltaic cell. Certain materials in the family of semiconductors , such as silicon and cadmium sulfide, in the form of thin layers or wafers, convert sunlight into an electric current without use of any moving parts. Up to 15 percent of the sun's radiation can be delivered as electricity, but the cost of the pure materials and their fabrication is extremely high in comparison with conventional electric generation plants-on the order of a thousand times as great. On space vehicles, however, where light weight and reliability are overriding requirements, silicon cells are standard for on-board power supply. This application is the only one of importance at the present time.
One may expect that the costs of photovoltaic cells will decrease as technical advances are made and as production quantities increase. Whether these cost reductions will be sufficient to bring this solar power system into substantial terrestrial use is a very speculative question. Perhaps new materials, production techniques or even a breakthrough in some unforeseen area may make this otherwise very attractive system a practical reality.
On balance, it seems that generation of large quantities of electricity from solar energy, either by thermal systems or photovoltaic cells, must await substantial cost reductions through research and devlopment efforts, as well as cost increases for the conventional fuels used in electric generating plants. This means that solar generated electricity is not likely to be a viable alternative in the near term.
